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ished3 in 1971 and caused what might be called a “renaissance” of

in SF and low energy fission because it was previously believed

spontaneous and low energy fission resulted in highly asynuletric

mass division. However, many of us felt that the enhanced yields for sym-

metric mass division in Fm might be expected and were due to the fact that

Fmwith Z = 100 could split synwnetrically into two Z ❑ 50 closed proton

shell nuclei with neutron numbers approaching the closed N = 82 shell as the

mass of the fissioning fcrmium isotope increases. Thus still higheryields

cf sylmnetric mass division sl,ould result for hciivicr fcrmium isotopes.

rindlly, in 1975, Ilulct and co-workers from I.awrcnce Livrrmore laborat-

ories and Wilhclmy, WAcr and 1 at Los Alm:Ios were flhlc to produce 4 25gl_m

via the (t,p) reaction at the Ins AlanNIs Van d( irilaf”f on a tl]rget of 109

atoms Pf 257rm. The half life for
?59

I_m was only 1.5 $Lv.ofds (thus continu-

ing the SF disaster) ~nd its Sl_ shnwed ~n l!xtrcmly narrow, sywnetric m~ss

distribution with an unusually hi!~h total kiwtic l’ncrqy (rKE) of :240 iIlcV,

a v~lue khich l]llproilchc$ the Q V,]lIJC for fission of ~P50 I’%-!v,we hllvc 111s0

mc~:,urcd5 the Sr of 7S8
:) !)~,

Im vid nl(’ctl.on-(:ll~ltut.~ d[’cily of 43.mimiLc Ad

produ[:cd by the 7551s (It,n) rrllcLion. Th(’ w~’ilr,ur(’d nl~l%s yi Plds fur I“m

i~ofo[lrt dre fhowfl in I i~urc 1. R(’r(’lltly, W(J 10.?vr! 111(’II WT(J6 the 11(’ut,ron

deficient iit(ll(~llr’%,
746

IM ,Ind
248

1111,tind fin(i tht~l.I.tmy [Ixtlibit hl!jhly
5

dsylum’Lric dittrllmt ions (1 i(lurc 2. ) Wr IJtXIdIiIPCt
i’M

t-h(!II(IWl?.3-minule Cf

?“4(” f ,111(1 111,1‘.!iyfrom [ hu ( t ,p) riIII( t ion on . il’1[1~ for r.llr (If iI.[JtOjIfI:l tire
;’!)1} .

f,huwII in Iiqurc 3. Al I.houqh (#r IllI’,[II(!‘.11111(! Illmltlc’rUt 111’llfI(Ins ds “s%,

it ftrw’,IIOt ‘Itmw d ‘,imi Idr ,I!tt’u[][ I:lMIIIIC f o ‘.~rim’lric ‘ i‘l’lion. !itlilllt’ris

its lKf. utlu”,u~lly hi!lh, A plot of IKI: V%. /7/0 1/3 i> ‘IINIWII in I iltl~r[’ 4.
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ft”d~.t ion fur ~~q ,,,,~q ,,, ,,,,(1“s9 III!dIQ(IC.lII IWI1 in I illllr[~ !),
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incr(’ases with Z. We have m~de nlcasurementsR of ~ as a function of fragment

TKE and mass ratio for the SF of 250Cf, 252Cf, 754Cf, 756rm dnd 257Fm. AS

cx~mct~d, nrutron emission rfccrease~ monotonically with increasing TKE for a

given mass split. A coniparisori of the multiplicity distributions for the

highest TKE events flom SF of 750Cf, 252Cf, and 757 rm is shown in Figure 9

and illustrates the large probability for mission of O neutrons for 757rm

for cvi?nts with IKE :.?40 McV. This is cc)nsisti’nt with a large frdct ion of

thrse fragment.s I)cing nearly spherical with rf)~ultant high Il(h’r which ,]r~

n~’arly equal to the Q value. Similarly, wc ix~~[’(.tthdt in t)lc (Il<o of S1- of
;’s~

779im ,]nd rm w~lcre the IKE is ,]lmut ?40 WV, cl[)~r 10 !hc l’~tiwl]trd Q

valIIIIsof drIIund ?50 MPV, r]olltron (’llliSs;(Jn will IJP low. Ttl(!ft’(tl]ln(’nts11111s:

be Ilcdrltys~)hcri[.al ,tnri(I,,lyhave suffici(’nt (’xril,~tion ~II~(Jrqyto l’lnit,~l~oul

1 l~(~utrunor the dvcrage. f’crlIaps
?59

MI?, whi[ h has IIIIPlllO1-c pr(llon l~IItIllp
?53 757,,,,

-Idmr l):~;l)cruf nol~trons d~ rlll,i~ a “1 r,il!sition’” IIIJ(1PI15 :IillliIdr 10

(IIIdIl,isIIIII-t’li(!form(~dfrafjm(:nts which wi 11 hdv(’ Sllffic;(’nt ~x(.itdl i~)n (III(Irqy

to (wlit I,(V(,II(I1IIIIj:.1.ens,dr~riItIII!)d(.(ount for t.h~ 40 MPV (Iiff(’r(’n(r if~ IK! ,

It 11,1:),)1’!()111’!’111111’.tlll(lf,’diil,]t.I1),11.I/P(jiltlrliclr~ l,nli~>f,iorl dt ~( i’,’, illfl miqht,
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heavier for 180 and
22

Ne than for
16

~4and 20 Ne, respectively, reflecting the

neutron excess of the projectile. The dependence of the yields on the energy

of the projectiles is now hcing investigated. Preliminary analysis of the

data shows different energy dependence for production of various actinirfe

isotopes. These excitation functions appear tG he consistent with the calcula-

tions based on simple energy balance considerations for the appropriate

transfer reactions, assuming the energy cf the projectile in cxccss of the

coulomb barrier is apportioned to the target nuclei dccurding to the fraction

of the projectile nuiss transferred. Such transfer reactions give promise of

providing a mpans of producing ncw neutron-rich isotopes for study ,lnd for

tailoring the t.arget-i)rojectile systcm and f:rlergyto enhance the yield of the

desired product. They may even provi[le a mrdns of getting to the l]cutron-

rich side of the elusive supcrhoavy clwncnt t-(’gionby tx~mbar(ilnentof 24RCm

with 48Ca ions. Figure 1? shows Lhc energy ~vail~ble for the hc,~vy product

for r(’~ctions at the t.IJuluIIlh I),lrrit!r,lnd ifldiratcs ,]dditional pro,](’[,1.ilc

[!neray will t)c required fGr products with Z .- 114.

Rw-(!ntly Lrjrman sci~ntists At [;S1 h,]vc r(’p[)itc’d
13

fin(iing Cvld(:nc(? for
?09 54

~)r[lduction of Cl(,wl?nt 1L)7 in I.hr Il(llllll,]li(llllt”l]tof fli with Cr ior)s ,tt an
;’(1~

(!nr:rqyjust ,IIJovf!t.tlr(t)ullwltlll(~rril’rI),yIhc I’11,1{!ion
~i ,54 Cr.-.pl[)7)7 + 11.

They })Jv(* lIIIt(I( tort 6 Jl [h,] (l{,(,]ys ( 10,4 Is;PV;T
1/? ~ 5 Ills) w~lit.11 IIIILYdttril)[ltr

to 76?
107, t~(!’,l’dr)n .-I ~OISrIIl,II ion I,IrI,lr,IJI.IIIIIIIIII\wi th thr }rl(~wn(1,11111111111-s,

?5[+
105 (lrl(-i

?56
Iol, Illlfl)f’fIlfl,]toly, wil!l lt]l~v(I1O(it_y till(’r ‘jy’)l IIIn, ‘JI{IP,

whi( h th(’y UI,P, Ih[’y (,lr}I)Illy ~11’tII(t ~~roIIII(tsin a vIIrj ‘. III(lll Allql(’ ,!!lrluf I11(’

I)fl;m~iirl’(tioll,,lnd thIII,Itl(ly,11-(1I.IIC, LI 1( ! (’(1 10 ( olll~)[~(JIld f](i(.li’(i~ I’(’,11 1 jorl$

ff)ll~)w(trtI),yi’,otrf)~li(.l),)rti(lo I’v(lllordlion.” TIll,l”llf(ll”(’, fl,]n~f(’r r(I,II1 ion

~Ir”(IrlII[ 1~ I,IIIIIOt I)(I itlvt,~,ti(j,!ll~({ (,ill((I ttl(’y wi II I)(Idistril~lj!(~ri,]t,l,lf.t~(’r
1:{,I:lqlf}f,lo ttl(’11~’,lm{Iii’(’(.tion, Ilow(’il’r,Miir};(’1111(’rqr’t ,11, 1)1’li(’v(’II)(’

4}{ ;)~}]
1-111(!ion of ~.,1wil.h Cm dt I’fl(’l’qif’f, rlr{lrtho ((~ul(mlt)ih]t-ri(’rwill ~~II\IIII(P

;)q~
ltll’ ~(J1’lllollllrl‘ly’.tIIl:l II(J ,11.,111IIk(it,It io, 1111(,1’qyof only 7“ MIIV, IIll:%

!I1l’1’l’I:lly III’‘,1,111(~11011(1 of f~Jlllli!lq ,! ‘,lil)l’t’tll’,]vy i’l[)lo~lr I)y II VII I) II I,II ior~ (If IIIlly

I,1!,lVI)It If’ 11(11t i(’rnli,jtltII:~111111II ,1 IIl,,it[,ltC,II II II, 111,IVy 111(111111 t ‘,111 i] ,1”)
/}lJ ‘“)1

117 ~]r ‘ Ill (ll,lll’hfl’l” of
40,, ,),< fll. [1) hiltl ,111 IIXI it,l!il]fl (II IIIlly d
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few MeV because of the negative Q values for these rractions. (See Figure 12)

This allows use of higher energy particles which should increase the probability

of large transfers while still keeping the product excitation energy low enough

to minimize destruction by prompt fission, and might result in considerably

higher production cross sections. Now the challenge is to devise systems

f’ormeasuring the Z and A for such short-] ivcd nucl ides which may decay

by SF rather than alj”la emission, and to detect tr~nsfer products which do

n~t move along the beam direction.
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Table I. Spontaneous fission properties of some heavy-element isotopes (taken

from Ref. 10).___________._._.----..---------- --—-------—---------—---..-.——— ---- --—.--— _-_—-———- ---—

Peak-to ~ Prc-n.utron
‘{ SJ’5 fl

o
valley ratio TKE (HeV) TKE

.. —-. ------ . . . . ---- ---- ---- ---

5.4X1011 >3(jo (Rc)

2.7x109 ~750 (Rc)

5.2X106 >145 (RC)..-

7.4X102 AsyiiJ1l. (SS)

mdo13 326 (RC)

1.2 Asymm. (SS)

38 Asymm. (SS)

2.0X?07 60 (RC)

1.0X104 12 (ss)

4.1X109 =1.5 (ss)

3.8)(10-4 Syl:lm. (SS)
,-,,,s,,,’,;1,.1“8

l-5+~.3 Symm. (SS)
I:!.;ljr.;,11

5.7X1U3 Syllwl. (ss)
I.l’llif+~lc

8.6 Asylilm.(SS)

1.5+0,2 SWTI. (ss)
I“MII!;’12

,-.

- ---- —-_

187.0

185.7

1F6.9

129.8

191

199

1?8

195.1

197.9

197.6

238+3*

242L6*

: 2(-IO*

702.4

23442*

.. ----- ---- - - —..-

11.3

11.6

11.8

14.6

13.4

14.8

14.5

11.7

14.4

15.3

14

21

25.5C

15.4

?0.5

.

a P~ak-to-valley ratios from r,ldio[:h(’mical (RC) or solid.state (SS) mr!azllrmnr?nLs.



FIGURES.---— .

1. Prc-neutron emission mass-yield curves fcr 254Fm, 256Fm, 257Fm, 258Fm,
and 259FM . The solid curve for

256
Fm is ~ pre-neutron emission curve while

the dashed curve is z provisional mass ani!lysis for
256

Fm measured in the
258

same experimental Set-Up ds used fOr Fm (figure from Ref. 9).

2. Pre-neutron emission mass-yield curves for
246

Fm (383 events) and
248

Fm (74 events) (from Ref. 6).

3. Prc-neutron emission mass-yield distributions for 250Cf, 252Cf, 254Cf, and
256

Cf. The ddta for 254Cf and
?56

Cf were analyzed in 5 AMU mass bins using
?5?

an empirical ncut)on correction similar to that for Cf (figure from Ref. 9).

4. ‘T-K~VS. Z2/A”3 for heavy actinide isotopes. Solid line represents

linear fit of Viola; rta<hed line is from Unik et al. The data for 258Fm
and ?59

rm are most prob~ble TKE’s (figure from Ref. 9).

5, Contour plots of TKE vs. m~ss fraction for 756fm,
257

Fm and 25gFm

(figure from Ref. 10).

6. Prc-nrutron emission mass-yield distributions for
759

Mrl and 25gFm. (Ilata

from Rcfs. 7 and 10.)

7. Prc-nRutron rmissiun IKE di$Lrihut.iofls for ?!>~H(I ,Ind
:’!j!l

IIII. (Ih ta fronl

H[If$,7 ,ind 10.)



9. Pt(-J) for 250Cf, 252Cf, and 257 Fm for the fission events having the

highest TKE’s (figure from Ref. 9).

10. Isotopic distributions measured for 98-MeV 160 and 97-MeV
18

0 bombardments
of 248Cm

. 160data are open symbols; 18 0 data are solid symbols (figure

from Ref. 12),

11. Isotopic distributions measured for 115-MeV 20Ne and 116-MeV 22Ne lmnbard-

ments 01 248Cm. 20Ne data are open symbols; 7?
Ne data are solid symhol~

(figure 1rom Ref. 1?).

12. Energy comparison fcr heavy product from bombardment OS 24RCm with 48Ca

ions dt Lhe coulomb barrier (figure from Ref. 11).



.
..

..

. .----
1

6 -

4 -

2 -

Io-

01.

I I 1 I ‘1

~i

254Fm -

I I.. 1 I Ii .. . l.-

18 -

16

14 -

12

10

8 -

6

I

2

4 ‘4o ?“;,
I

I00 110 i 20

1

?5gFm

“1
1

\

!’

\&
‘1

‘1
4

+-+*4.,

l.:
I .+0 140 1s0 I f“;o 1/0

VIA!iS ([]lnu)

l-i!]. 1



..——. ———— ..— ——.———— —
I ,-- ,--T---

~__r.__.r-T.-..

– 249--
Im

“T”-

7

- 246:
lm

.-

F..

—-

-..-

.11
Ho 100 lx) i~()

PAAsS NIJMIII-R
160

Ylll.?W.10//7

I“iq. 2



. .
1 .
i I

i

“)

i I
i

I

“’f-cf

4

‘lo 100” 110 I70 I .+() 1“10 1!)0 I f o I/()

)JiAss((111111)

I IIJ. i



>
aa

.-
-:

I
1IJ

Y

1-

I
7(X)

I

I90

IHo

I 10

i I i’ I

’11~I,q“1:111“----*
o1,.9,.,,,]

/# 1
;“ .rl; ,n

p!lQMd] ,,=

#

●

I

I 111,1
I .$()() 14(10 1!)00 I [ d )()



.-.
/“o, K., , , , , ,

i

1.5-s SF ACTIV

}ROM ‘4acm + I

542 ~bOn~S

AVt. HAGE TKE
u

1

‘ITY
80

1-
180 I 1!! 1111

) 70

,’1)(3

1 I I I I I

.

1

1

I



-i” ill]

1’

0 100 lx) I

@ 1.5 S(?c

a 75qMd

T@

I
t10 K;() lx)

Muss Nwnber

111).(j



.’

60

50

40

>
aJ.-

“: Xl
c1
,--
...
IA

?0

10

—

.

.

.-

.

.-

. .. .. .. .

I

r

1“
--- I

-..

1 I 1 -1 1-

0 25grm——
~ ?s911d ---

I

100 1m ?(10 ?20 ?40 MO ?No :{()(-)

1’1{1-NIIJIIUN{ IKI. (I1[YV)

I’tq, f



4

5

.-r

2

No +

..—. ——

T ‘--–-T---”T–
---r.r

1

.-

} “

-%/
Pu d

+

0
. Th +-Spontaneous Flsworl .

0- Wrmal Neutron Fission, Corrected

Am_ ....

I II I I I I I J
?so 7 Yj 240 24!5 ?!io ?!>5 ;’(;0

A Of Compound Nuck?us

I Iq. H



.“

0,6

0,5

0,4

~03 t
n! -

0,2

01m

$

0,0

----- . .
1 ,..- –-,--- ,- ...1 _

T

(

. . 1

01

TKE
(w)

25+M: >?~

Z52CF:> ~i~

250cF: > 21!)

J. .,

x
23456

d

Iiq, 9

. . . .. . ,..

0

x
A

I

?

..
1

J

8



.

104-

103.-

.
e-

%

-102 .-

Z.-
1-
(>
1IJ

LlJ3

mU)lo’--
(3
CK :
u

I0° .-

.

.

,“-1

I 1’1”’!’1

h’ ‘~\\\
‘f
I

-\\ \

.,
1’1’

Bk ~—--—
Cf :–.. –

\

\\
\
m

IQJ \. .

~=$...---

Fm ~ ‘“-----–

// I ii

{\

●

..
I I \

‘4
1 1/111 Ihllll

..

1

3

1“’W)IXJC 1“ MASS fWJMIN.l?1

I“fg. 10



.
.“

.

104~

.

I(y .

a

‘n
1
-102 .-
2-.
1-
0
lLJ
u)

%10’ .“

0
a
0

●

I0°
.
b

.

K)’

“r I -1

b

/
8

I

6:/

1,

I 1“”1””’-1 1 .. .
1’1

Bk~ —---

Cf : ——-

I

..

1 I

1,/ I

k

/

\’

1 \ 4
I I

I I
\

Al
1 I ,9

1
I \)Ill

1.

.

.

.

..

,.

.

I I

.

rig. 11



MASS
248 260 270 280 288

1 -I 1’ I
-——— .... .—— ... —---- - . .. ... . . . ~_T-T —-..,

ENERGY FROM
MASS TAF311:S-..
(MYERS AND
SWIATECKI )

.,

+

\ f’ MAXIMUM ENERGY\

I AVAILABLE FOR -

t
HEAVY PRODUCT

#
FROM 48Ca + 248Ca
FOR 48Ca ENERGY”

+

f
XCOULOMB

BARRIER OF

i
23’? MeV (Iub)

d

II J 111111
96 100 104 108 112

z ( HI:AVY PI?(3I)UC r )

I’11-J. 1?

11
116


